) and the lavas of intermediate age share 43% (295 km 2 ) while the recent lava flows merely share 5% (28 km 2 ), including 6.8 km 2 referring to the volcanic cones. It should be noted that the generation of lava flows outlines a rather small area, of ≤20 km radius, circumventing the swarm epicenter zone. These maps may prove useful in volcanic hazard mapping for the rugged terrain.
Introduction
The Harrat Lunayyir (HL) was the site for an intense earthquake swarm of immense population in 2009 in a remote and elevated terrain in the Al-Ays. The swarm evoked much interest as there were reports on surface rupturing and dike intrusion produced by the swarm (Pallister et al. 2010 ). This eventually prompted the Saudi Government to evacuate nearly 30,000 residents from the nearby localities fearing volcanic eruption or an impending major earthquake. The swarm epicenter zone hits an area that is poorly geologically mapped. To pursue the investigation further, here, we present an analysis on the HL volcanism based on the remote sensing data analysis. Our results are mostly complementary to other geological and geophysical investigations for HL; however, they bring out for the first time details on (1) the episodic volcanic (flow episodes) character in the Al-Ays and their spatial extent restricted to a surprisingly small area where the 2009 swarm struck and (2) the location of the different volcanic materials.
The remote sensing data has many advantages and applications in order to study volcanic hazards due to repeated image coverage and multispectral characteristics of the data and geological mapping of rocks and structures (Saadi et al. 2008a (Saadi et al. , 2008b . In the present study, the satellite images: band ratioing and Shuttle Radar Topography Mission (SRTM) data, aided by remote sensing interpretations are used to examine the most probable sites for magma migration and entrapment into top crust and to distinguish between the older and younger lavas in HL within AAVA. Our objectives in the present study are to present further evidence on the volcanic episodes affecting the AAVA and their respective spatial coverage in terms of total percentage volume, to focus upon the center of magmatic activity under HL in correspondence to the swarm zone epicenter, and to examine evidences for volcanic hazard estimates based on the interpretation of the remote sensing images for AAVA.
Study area
The AAVA occupies a surface area of about 3575 km 2 along the western fringe of the large igneous provinces (LIP), Saudi Arabia, but is clearly offset from the Makkah-Madinah-Nafud Volcanic Line (MMNL) (Zaidi and Mukhopadhyay 2015) (Fig. 1) . It is located close to the port city of Umm Lajj; three most populated towns bounding the eastern periphery for the HL 2009 swarm zone are: Al-Qrash, Al-Ays, and Al-Fera; these localities are identified on a shaded relief map based on remote sensing analysis. The area manifests substantial topographic relief varying from approximately 500 to 1000 m within the volcanic terrain, where a number of wadis (streams) dissect the main path leading to its elevated parts. The basement rocks belonging to two different lithostratigraphic units: Midyan terrane located to the NW and Hijaz terrane to the SE, respectively, surround HL (Johnson 1998 ). HL experienced a major earthquake swarm in 2009 when some 30,000 events were produced within a relatively short time span of 2 years which triggered a possibility of volcanic eruption. The biggest earthquake reported during the episode was M b 4.7. This ultimately led the Saudi Government to evacuate the residents on a large scale. Dyke intrusion and faulting were reported from HL (Pallister et al. 2010 ), although we have discussed elsewhere that the magmatic intrusion did not quite reach the surface rather it is stopped at 2 km depth below the surface (Mukhopadhyay et al. 2012) . Subsequent tomography study in this region inferred a conspicuous P-velocity anomaly between 10-and 20-km-depth intervals beneath HL (Hansen et al. 2013) . A simplified geology map for the HL is illustrated in Fig. 2 ; the epicenter zone for the 2009 Al-Ays swarm is overlaid on the geology map for reference. Actual topographic Table 1) . Placed on a sun-synchronous orbit at 705 km altitude and 10:00 a.m. equatorial crossing time for the descending node, Landsat 8 has a 16-day repeat cycle although data acquisition strategy may vary based on geographic coverage (including seasonal sampling and cloud coverage) and overall science mission objectives (Irons et al. 2012; Roy et al. 2014; Schroeder et al. 2015) . The Landsat 8 multispectral images (path 171, row 43) were used to map basaltic lava flow in Harrat Lunayyir area (Fig. 4) . The image was calibrated using ENVI 5.1 and reflectance values converted to radiance values.
Digital image processing is applied to the multispectral content of this image as color compositing, band ratioing, principal component analysis, and numerical index. SRTM data was used to generate shaded relief map to well map the volcanic cones.
Band ratioing and SRTM GDEM for AAVA
Band ratioing is a processing method used to enhance the contrast between materials with different reflectance at specific wavelengths and conceal the topographic effects by dividing the reflectance values of a pixel in one channel by the values of the same pixel in another channel (Prost 2014) . Here, we use the ratios between band5 and band4, band6 and band5, and band7 and band6, respectively, in order to discriminate between different volcanic lithologies.
Principal component analysis
Principal component analysis (PCA) is an image transformation and enhancement remote sensing technique applied to the different bands by compressing a large number of information (dimensionality reduction method) into a few principal components and overcoming the correlation and redundancy using linear transformation (Li et al. 2014 ).
Numerical index
In order to perform an automatic identification of specific lithologies, a mathematical operation has been used. As seen in the natural light color, basaltic flow is characterized by low reflectance value in the visible bands.
Results
The different band ratios band5/band4, band6/band5, and band7/band6 helped in the detection of the different volcanic units. The two basaltic units are well highlighted, the Upper Maqrah with red color and the Lower Maqrah with purple and pink colors from the band ratioing map of HL (Fig. 5) .
The PCA was applied for the six (6) multispectral bands. The first three components are displayed in RGB mode (Fig. 6) . Using the mathematical operation (band1 + band2)/band3, the basaltic flow will be extracted with black color and all other formations with white color (Fig. 7) .
SRTM Global Digital Elevation Model (GDEM) data and Landsat 8 images are used to map lava cones and recent lava flow. The cones form circular shapes and are well observed in both the shaded relief map and in the treated Landsat 8 image. In the band ratios (Fig. 8a) show recent lava flow which refers to the QM5 unit which is shown with cyan color and cones are in white color. In the shaded relief map (Fig. 8b) , the cones are well highlighted with a three dimensional (3-D) aspect; we can also see the volcanic craters on the top of the cones. They are illustrated by red color. The lava flow is shown with cyan color. Figure 8c represents the photographic stretch map, lava flow highlighted with dark orange color and the cones with orange color. Figure 8d represents the three first PCA components displayed in RGB mode; cones appear with light green color and the lava flow with orange color.
Discussion
Al-Amri et al. (2012) subdivided the dominant basaltic lavas at AAVA into two units based on their erosion characteristics: (a) older Tertiary unit (Jarad basalt) and (b) younger Quaternary unit (Maqrah basalt). Using natural light, it was not possible for Al-Amri et al. (2012) to differentiate between the two units. However, by applying a ratio remote sensing technique, we could recognize three different volcanic stage rocks belonging to the following (Fig. 9 ):
1. The oldest lava flows with an area of 354 km 2 . The natural light color composite shows the volcanic rocks with dark color and the surrounding area with brown color. , of which 6.78 km 2 refers to the volcanic cones.
We infer that the three groups of lavas may possibly represent three distinct stages of eruption within the AAVA; these probably owe their origin to the long-term residency of a magmatic plume and its incubation. The scenario under HL, AAVA, is different to that for recently eruptive volcanic islands in the southern Red Sea whose origin relates to episodic spreading in the Red Sea (Xu et al. 2015) .
The HL belonging to AAVA is distinctive in several ways from the other harrats of LIP, Saudi Arabia: (a) it is offshoot Fig. 8 Remote sensing results showing the more conspicuous volcanic cones and rocks. a Refers to the band ratioing results (band5/band4, band6/band5, and band7/band6); the volcanic cones (VC) are in white color. b Consists of the shaded relief map using SRTM Global Digital Elevation Model-the VC presents a relief on cones. The northern 2009 earthquake swarm epicenters are spatially related to the recent volcanic flows. c Photographic stretch map for the VC (orange color). d First three components derived from the principal component analysis process displayed on RGB. Note that the spatial distribution of this VC is controlled following the NW-SE direction from the axis of MMNL by~100 km towards west, thus deviating from the Arabian Shield margin volcanic trend; (b) it is close to the coast (within a distance of~20-25 km) and distinctly far away from the Tertiary Mafic Crust that is dissected by the Hizaz Escarpment; the latter is known for its fundamental importance in shaping the west margin of the Asir Igneous Province (Mogren and Mukhopadhyay 2013) ; (c) the HL is surrounded by higher and uneven topography practically on all sides; the earthquake swarm of 2009 was localized in its central part; (d) at least three generations of lavas are identified within the HL based on remote sensing analysis; (e) the regionally extensive Great Dikes are interrupted and largely deformed as they enter the HL, in particular, where the 2009 swarm was generated; and (f) seismic imaging infers a low-velocity zone underneath the HL. Analysis of the remote sensing data identifies three generations of lavas, instead of two-stage lavas formally known. The HL lavas are remarkably enclosed within a small areal extent, ≤20 km radius. This led to the assumption that there is a long-term incubation of magma residency under the HL, probably at shallow crustal depths. This input information is considered valuable for potential field anomaly modeling under the HL-discussed elsewhere (Saibi et al. 2016) .
Part of the northern 2009 earthquake swarm epicenters is close to the location of the recent basalt flow and recent volcanic cones. This observation explains that the earthquakes are related to the upward movement of magma through the NW-SE dykes in the form of monogenetic volcanic eruptions, which are also trending mainly in NW-SE direction.
Remote sensing results presented here are corroborated by more recent results on shear-wave velocity structure obtained by Tang et al. (2016) which show high V P /V S ratios under HL. These authors interpret the anomalously high values as to image the solidified magma intrusions from earlier magmatic episodes at the Arabian Shield margin.
One of the factors that influences the lava flows is ground slope, where lava moves faster on steep slopes. The slope map for HL generated from the SRTM GDEM in a geographic information system (see Fig. 3 ) illustrates that the slopes are much steeper to the NE-SW from the central part of HL but clearly are much longer as well as steeper to the SW. The steep slope extends for 20 km to NE but it is practically double of that to the SE. Furthermore, the slope direction follows the orientation of tectonic faults. This map can be used as a basis for volcanic hazard mapping as the high slope areas are considered dangerous to the lives of residents.
Conclusions
Band ratioing and SRTM GDEM data, aided by remote sensing interpretations for Landsat 8 image, including color composites, principal component analysis, and a mathematical index, helped distinguishing between the older and younger volcanic rocks within the harrat. Three types of volcanic rocks were identified using ratioing technique: oldest, intermediate, and recent volcanic rocks, suggesting three major flow episodes. The three groups have an area of 29, 295, and 354 km 2 , respectively. The northern group of the 2009 earthquake swarm epicenters is located near to the recent magmatic features (basalt flow and volcanic cones) detected by the band ratioing technique, suggesting a volcanic activity in the NW-SE direction parallel to the regional dyke direction.
The remote sensing results agree in general with the geological boundaries detected from field surveys (Fig. 10 ). The remote sensing shows its capabilities to cartography the surface geological and volcanological features. 
